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Abundances of the  r a re -ea r th  elements and barium i n  the Bununu 
howardite ( U .  S .  Nat ional  Museum #1571) have been determined by mass- 
spec t romet r ic  s t ab le - i so tope  ;d i lu t ion  (1) .  B r i e f l y ,  t h e  a n a l y t i c a l  
technique c o n s i s t s  o f  d i s s o l v i n g  the sample, adding i s o t o p i c  "spikes"  of 
t h e  r a re -ea r ths  and barium, and concent ra t ing  t h e s e  elements by passing 
the  s o l u t i o n  through an ion-exchange column. No a t tempt  was made t o  
s epa ra t e  the  r a r e - e a r t h s  from each o ther  o r  from o t h e r  elements wi th  
s i m i l a r  p a r t i t i o n  c o e f f i c i e n t s .  I so top ic  a n a l y s i s  was done wi th  a 
t r i p l e - f i l a m e n t ,  so l id-source  mass-spectrometer. 
%e r e s u l t s  of t h e  r a re -ea r th  and barium analyses  a r e  given i n  
Table 1 .  The p r e c i s i o n s  (0) shown a re  only i n t e r n a l  i n  t h a t  t hey  a r e  
the  s tandard  d e v i a t i o n  of t h e  mean of t h e  number of de te rmina t ions  ( n ) ,  
each de termina t ion  being c a l c u l a t e d  from two scans of t he  appropr i a t e  
mass r e g i o n .  The d a t a  have been normalized t o  hypothe t ica l  c h o n d r i t i c  
abundances based on a comparison of t he  ana lyses  of r a r e -ea r ths  i n  
euc . r i t e s  by Schmit t  e t  a l .  ( 2 ,  3 )  with our unpublished ana lyses .  For 
comparison, t h e  da t a  a l s o  have been normalized t o  t he  average r a r e - e a r t h  
-- 
abundances i n  chondr i t e s  determined by neutron a c t i v a t i o n  by Schmitt 
e t  a l .  ( 3 )  and the  average barium abundance determined by Reed e t  a l .  (4)  
The t w o  s e t s  o f  normalized da ta  agree wi th in  15%. The normalized 
-- -- 
abundances of t h e  r a r e - e a r t h s  and barium i n  Bununu a r e  shown i n  F ig .  1 ;  
t h e  e r r o r  ba r s  denote  p l u s  and minus two s tandard  dev ia t ions  of t h e  mean. 
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Ba 
Ce 
Nd 
Sm 
Eu 
Gd 
DY 
Er 
Yb 
Table 1 
Rare-Earth and Barium Abundances in the Bununu Howardite 
PPm 
18.5 
4.02 
3.31 
1.064 ' 
0.357 
1.289 
1.558 
0.92 
0.984 
- 
0 
0.12 
0 -064 
0.024 
0.0071 
0.0010 
0.0070 
0.0065 
0.014 
0.0048 
n 
16 
4 
16 
12 
5 
12 
12 
8 
12 
. .  
- .  
Normalized Normalized to 
Chondrite Avg. (3) 
5.13 5.43 
5.10 4.78 
5.08 5.91 
5.12 5.32 
5.03 4.96 
5.04 4.44 
5.14 5.19 
5.08 4.42 
5.23 5.79 
. 
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The Bununu meteor i te  f e l l  i n  cen t r a l  Niger ia  i n  1942. A pet rographic  
and chemical d e s c r i p t i o n  has  been given by Mason ( 5 ) .  The dominance of 
hypersthene over p igeoni te  and t h e  chemical composition show t h a t  
Bununu i s  a howardite r a t h e r  than a e u c r i t e .  
Bununu i s  the f i r s t  howardite t o  be analyzed f o r  t h e  r a r e - e a r t h s .  
Because of the cons iderable  confusion i n  t h e  c r i t e r i a  of d i s t i n c t i o n  
between e u c r i t e s  and howardi tes  (51, Schmit t  e t  a l .  ( 2 )  i n c o r r e c t l y  
termed Neuvo Laredo a howardite i n  r epor t ing  i t s  r a r e - e a r t h  c o n t e n t s .  
--
The normalized p l o t  i n  F ig .  1 of the r a r e - e a r t h s  and barium i n  Bununu 
shows t n a t  a l though the abso lu te  abundances a r e  some f i v e  t imes h igher  
than  those  i n  the average chondr i t e ,  t h e  r e l a t i v e  abundances of  t hese  
elements  a r e  the  same a s  those  i n  chondr i tes .  The Bununu howardite i s  
t h e r e f o r e  one of a group of meteor i tes  inc luding  c h o n d r i t e s ,  mesos ide r i t e s  
and e u c r i t e s  ( 2 ,  3 )  i n  which the ra re  e a r t h s  have t h e  same r e l a t i v e  
abundances. This  group might be termed an "unfrac t iona ted  sequence." 
The ranges of publ ished normalized r a re -ea r th  abundances f o r  t he  members 
of t h i s  "unf rac t iona ted  sequence" a re  shown i n  F ig .  1 ; the  mesos ider i te  
d a t a  were determined only on the  s i l i c a t e  phases .  
The chemical and pe t rographic  v a r i a t i o n s  found i n  t h e  calcium-rich 
achondr i t e s  ( e u c r i t e s  and howardites) have been i n t e r p r e t e d  i n  terms of 
igneous d i f f e r e n t i a t i o n  processes  ( 5 ,  6 ,  7 ,  81, perhaps with f r a c t i o n a l  
v o l a t i l i z a t i o n  p lay ing  a r o l e  ( 9 ) .  The t r a c e  element d a t a  on these  
m e t e o r i t e s  impose s t r i c t  l i m i t a t i o n s  on the type of d i f f e r e n t i a t i o n  t h a t  
may have occurred and serve  t o  d i s t i n g u i s h  t h e  m e t e o r i t i c  ':trend" from 
some types  of t e r r e s t r i a l  igneous d i f f e r e n t i a t i o n  i n  which r e l a t i v e  
f r a c t i o n a t i o n  of the  r a re -ea r ths  has occurred.  
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I f  the  calcium-rich achondr i tes  and perhaps t h e  mesos ide r i t e s  belong 
t o  a co-genetic igneous sequence, then  t h e i r  unf rac t iona ted  r a r e - e a r t h  
p a t t e r n s  permit only two poss ib l e  types  of r e s idua l  s o l i d :  ( a )  a s o l i d ,  
composed of one o r  more phases ,  which con ta ins  s i g n i f i c a n t  amounts of 
r a r e - e a r t h s  r e l a t i v e  t o  t h e  melt  but which i s  i t s e l f  un f rac t iona ted ,  
o r  (b )  a so l id  which, compared t o  t h e  me l t ,  i s  s o  dep le t ed  i n  r a re -ea r ths  
t h a t  t h e i r  r e l a t i v e  abundances i n  t h e  s o l i d  would have a n e g l i g i b l e  
a f f e c t  on those i n  the m e l t .  The f i r s t  p o s s i b i l i t y  would e n t a i l  t he  
s u b t r a c t i o n  of a member of t he  "unfrac t iona ted"  me teo r i t e  sequence from 
another  member wi th  h igher  r a r e - e a r t h  abundances (assuming t h a t  the  
r a re -ea r th  p a r t i t i o n  c o e f f i c i e n t s  a r e  less than u n i t y )  t o  produce another  
member with s t i l l  higher  r a re -ea r th  abundances. Our unpublished ana lyses  
of r a r e -ea r ths  i n  t h e  t w o  dominant phases of t h e  e u c r i t e s ,  p igeon i t e  and 
p l ag ioc la se  , however, show both t o  have f r a c t i o n a t e d  p a t t e r n s .  Such 
a d i f f e r e n t i a t i o n  scheme would t h e r e f o r e  involve a s o l i d  wi th  a s u r p r i s i n g  
balance between the  propor t ions  o f  t h e s e  two phases and t h e i r  r a r e - e a r t h  
con ten t s .  I n  a d d i t i o n ,  t h e  me teo r i t e  sequence i s  not only un f rac t iona ted  
f o r  the  r a re -ea r ths  and barium but  publ ished d a t a  i n d i c a t e  t h a t  it i s  
a l s o  probably e s s e n t i a l l y  un f rac t iona ted  f o r  a number of o t h e r  elements 
inc luding  uranium ( 4 ) ,  thorium ( lo ) ,  y t t r ium ( 2 ,  3 ) ,  s t ron t ium (11, 1 2 ,  
13), and t i t an ium ( 8 ,  14, 1 5 ) ;  t h a t  i s ,  t he  r e l a t i v e  abundances of 
these  elements a r e  e s s e n t i a l l y  the  same throughout  t h e  sequence.  
It the re fo re  seems more probable  t h a t  t h i s  m e t e o r i t e  sequence 
o r i g i n a t e d  through the  s u b t r a c t i o n  of a s o l i d  wi th  very low abundances 
of t h e  r a re -ea r ths  (and the o the r  un f rac t iona ted  t r a c e  e l emen t s ) .  Rare- 
e a r t h  da t a  ( 2 ,  3)  i n d i c a t e  t h a t  t h i s  s o l i d  might be e i t h e r  o l i v i n e  o r  
. .  
1 
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hypersthene. The lack of any great variation in the silica contents of 
the calcium-rich achondrites (5 ,  6, 7, 8 )  favors hypersthene. Thus one 
can imagine the subtraction of hypersthene from a howardite melt during 
igneous differentiation resulting in an eutectoid eucrite melt. Conversely 
howardites might represent a mixture of eucrite melt and solid hypersthene. 
In view of the brecciation of most calcium-rich achondrites, a mechanical 
mixture of eucrite and hypersthene achondrites (diogenites) is also 
possible. On the basis of petrographic and major-element chemical 
criteria alone, the probable genetic relation between hypersthene 
achondrites and calcium-rich achondrites has been recognized ( 5 ,  6 ,  7, 8). 
The rare-earth data support this relationship and indicate further that 
the proportion of pigeonite to plagioclase is essentially the same 
throughout the sequence. 
Rare-earth abundances in oceanic tholeiites (16) and our unpublished 
data on basic and ultrabasic rocks suggest that a similar "unfractionated 
sequence" exists for terrestrial rocks. 
We thank Roy Clarke and Brian Mason of the U. S .  National Museum 
f o r  donating the sample of Bununu used in this investigation. 
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FIGURE CAPTIONS I ,. . 
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Figure 1 Chondrite-normalized rare-earth and barium abundances i n  t he  
Bununu howprdite. The ranges f o r  publ ished ana lyses  of e n c r i t e s ,  
m e s o s i d e r i t e s  and chondr i tes  a r e  i n d i c a t e d  by t h e  cross-hatched 
areas. 
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